A 12-month-old child with a history of prematurity, severe respiratory compromise and failure to thrive required laser supraglottoplasty for severe laryngotracheobronchomalacia. Maintaining adequate oxygenation intraoperatively proved very difficult. Our usual technique with no endotracheal tube was not possible and CO 2 lasering was commenced with a polyvinylchloride endotracheal tube in the operative field. The endotracheal tube was struck by the laser but did not ignite. Concern about the very serious morbidity from a laser-induced fire in the airway prompted a search for possible solutions. No commercially available laser-resistant tube is available in small enough diameter to use in an infant. An aluminium foil tape (3M #425) was evaluated and found to be potentially very useful to protect against an airway fire in this uncommon situation.
CASE HISTORY
A 12-month-old female infant at the John Hunter Children's Hospital (JHCH) was referred for assessment and further management of her upper airway. She had been born at 30 weeks gestation (birth weight 1465 g). She suffered severe hyaline membrane disease, hyperbilirubinaemia, required a gastrostomy, was failing to thrive, was developmentally delayed, and had severe gastro-oesophageal reflux. Her social circumstances were poor. She had had seven admissions to the John Hunter Children's Hospital, most including an admission to the Paediatric Intensive Care Unit (PICU) for lower respiratory tract infections. She had been diagnosed with severe laryngotracheobronchomalacia on flexible bronchoscopy. Following flexible bronchoscopy she had required admission to PICU with difficulty maintaining her arterial haemoglobin oxygen saturations as measured by pulse oximetry (SpO 2 ). Continuous positive airway pressure (CPAP) was trialled but child and family had great difficulty.
Preoperatively, the patient weighed six kilograms and had stridor at rest. SpO 2 was 96% on continuous nasal oxygen at 0.25 litres per minute. Regular medications were omeprazole and dexamethasone. No premedication was given. The infant was brought to the operating theatre for rigid laryngobronchoscopy with consent to proceed to laser supraglottoplasty if indicated. Monitoring consisted of electrocardiograph, non-invasive blood pressure and pulse oximetry. Anaesthesia was induced with 100% oxygen and sevoflurane administered via a T-piece circuit. Intravenous access was secured following induction. Intravenous atropine was given and topical lignocaine was sprayed onto the larynx. The 9 cm side-split Parsons ventilating laryngoscope was used to insert a Storz 2.5 rigid bronchoscope coupled with zero degree telescope. The anaesthetic circuit was attached to the side arm of the bronchoscope and spontaneous ventilation was assisted as necessary.
The larynx was difficult to visualize. There was moderately severe laryngomalacia with a pronounced omega-shaped epiglottis and short aryepiglottic folds. The trachea demonstrated severe tracheomalacia involving the distal two-thirds of the trachea, maximal at the level of the innominate artery (where compression during spontaneous ventilation was 75% of the lumen) and extending into the right bronchus. The patient was very unstable during the laryngobronchoscopy, with repeated decreases in SpO 2 with delayed recovery. The infant-sized Lindholm laryngoscope was used to suspend the larynx but the airway proved difficult to maintain, requiring frequent insertion of an endotracheal tube to restore oxygen saturation. Laser supraglottoplasty was judged appropriate management of her laryngomalacia to try to improve her airway and so avoid CPAP, or at least reduce the pressures required.
It was clear that in this child, lasering could not be carried out with laryngeal suspension and insufflation of gases. We considered that supraglottic jetting was not safe in this child. The child's larynx would only accept a 3.0 mm inside diameter (ID) Portex polyvinylchloride (PVC) endotracheal tube. This tube has a 4.2 mm outside diameter (OD). Inserting a metal tracheotomy and then lasering was discussed, but in this child it was felt decannulation would be very difficult and that the social situation would likely preclude safe discharge from hospital. After careful deliberation a decision was made to perform laser supraglottoplasty with a PVC endotracheal tube in situ. From the anaesthetic perspective the child was paralysed with atracurium and hand ventilated with an air and oxygen mixture adjusted to maintain SpO 2 above 90%. The oxygen fresh gas flow required was between 70 and 100% for the remainder of the case. From the surgical perspective, routine wet-drape protection of the face was supplemented by wet neuropattie protection of the endotracheal tube which was in the operative field. Precautions in the event of laser ignition and fire were reviewed. CO 2 lasering (Sharplan 40C CO 2 laser with Sharplan 712 Acuspot micromanipulator, Sharplan Lasers Inc, New Jersey, U.S.A.) was accomplished by first dividing the shortened aryepiglottic folds in focused mode set at 5W x 0.1 s repeat mode, on each side. As the second side proceeded, the laryngeal introitus opened substantially but the endotracheal tube was exposed. It sustained a laser strike but the lumen was not penetrated (Figure 1 ). Then defocused mode set at 5W x 0.1 s was used to scarify behind the posterior glottis, so as to tighten the redundant mucosa posteriorly. The SpO 2 was well maintained throughout the laser procedure. Her postoperative recovery was good and her outcome at two months was described as very good.
Concern about the very serious morbidity (and possible mortality) from a laser-induced fire in the airway prompted a search for possible solutions. A possible laser-resistant tape was identified, and its suitability was evaluated.
MATERIALS AND METHODS
Criteria important in selecting a laser-resistant tape included: resistance to direct laser strike; malleability in terms of wrapping a small-diameter size 2.5 or 3.0 endotracheal tube while still allowing flexibility; the stickiness of the adhesive and its propensity to leave a sharp leading edge making the larynx vulnerable to laceration on insertion, and availability and cost.
An aluminium foil tape was sourced from 3M (3M Australia Pty Ltd, Sydney, N.S.W.). Product code #425 is a solid soft shiny silver aluminium foil tape with a transparent acrylic adhesive. To answer the question about resistance to direct laser strikes an experiment was designed. The aim of the experiment was to evaluate the resistance of this aluminium foil tape to laser strike at laser power settings consistent with CO 2 laser microlaryngeal surgery using minimal spot size.
Three identical 3.0 Portex (Sims Portex Inc, Keena NH, U.S.A.) endotracheal tubes were secured to three parallel wooden spatulae ( Figure 2 ). The first assembly was a "reference tube" marked in five intervals to allow alignment of the laser beam for direct comparison of the surface effect. The second assembly was an unprotected 3.0 mm ID endotracheal tube similarly taped straight. The third assembly was an identical endotracheal tube with a single layer of 3M #425 tape carefully placed over it. The three assemblies were placed on a towel saturated with water to safely absorb any penetrating laser beam. No oxygen or anaesthetic gases were flowing through the tubes to limit any cooling effects and to reduce the risk of fire. Routine CO 2 laser warning signs and lights were in place. The minimum spot size (0.27 mm) was set with a 400 mm objective lens. The laser was set to single-pulse mode, at one-second exposure. The laser wattage was incrementally increased in five stages, from 1 watt, to 4 watts, to 16 watts, then 24 watts, and finally 32 watts. The laser was directed perpendicularly, first to the unprotected endotracheal tube, avoiding any markings because they may absorb and dissipate some laser energy. Then, aligning the aiming beam with the "reference tube", the laser beam was directed onto the aluminium foil tape protected endotracheal tube. Effects on both the unprotected endotracheal tube and upon the aluminium foil taped endotracheal tube were evaluated visually under the operating microscope. If penetration of the aluminium foil tape was not evident using the single pulse mode, the laser was to be set to continuous mode, at a power of 32 watts, until damage to the tape was evident, or 30 seconds of continuous energy had been applied. If penetration of the endotracheal tube was identified, the tube was to be split longitudinally to determine whether the laser penetration was full thickness entering the lumen. To simulate overlapping of the wrapping of tape onto an endotracheal tube, a second layer of tape was to be carefully applied and the experiment repeated. To evaluate the adhesive side of the tape, the laser was set to 10 watts for one second, and directed at the adhesive side of the tape. Damage was assessed visually using the operating microscope.
The flexibility of both a 2.5 and a 3 mm endotracheal tube wrapped in a single layer of tape was assessed subjectively, as was the ability of the adhesive to keep the tape from lifting off the leading edge. Availability and cost were determined from the manufacturer.
RESULTS
3M aluminium foil tape (product code #425) has a total thickness of 0.12 mm and the temperature use range is up to 149°C. The tape is 25 mm wide. It is rated as "flame resistant", class "L" low flammability rating. The company does not intend it for medical use. It provides a 12 month warranty and describes the acrylic adhesive as "long ageing" and nonflammable. The tape is not packed sterile.
At minimum spot size, in single-pulse mode, at one second of exposure, the unprotected endotracheal tube ignited immediately it sustained a laser strike, at all power outputs from 1 watt through to 32 watts. The area of burn was greater with each power increase ( Figure 2 ). The aluminium foil tape over the adjacent tube showed no sign of damage up to and including 32 watts. Carefully peeling the tape off the endotracheal tube showed that there was no penetration of the tape. Microscopic inspection of the underlying endotracheal tube showed that there was no evident heat effect, further confirming the efficiency of heat reflection of the tape. Setting the laser to continuous mode at 32 watts, 30 seconds of continuous laser energy had no visible effect on the tape. Strong reflection however was evident as vaporization of water on the adjacent wet cloth. The fact that a single layer of the tape resisted a direct laser strike of 32 watts for 30 seconds (the maximum laser output to be tested) prompted us to abandon the previously planned testing of a double layer of tape.
To test the acrylic adhesive, the adhesive side of a tape sample was exposed to 10 watts for one second. The adhesive melted and immediately retreated from the strike area with no ignition. The underlying surface of the aluminium foil was left clean and no surface effect was evident.
It was quite straightforward to wrap both a 2.5 and a 3.0 mm endotracheal tube in a single layer of tape and still maintain flexibility of the tube. Further trials in wrapping two layers of tape on the same tube showed no clinically significant reduction in flexibility. The tape adheres tightly to the endotracheal tube and there seems a minimal chance that the leading edge of the tape will lift once adherent to the endotracheal tube.
The tape is available in Australia through 3M. The cost is $18.80 per roll. Each roll is 55 metres long. A minimum of 12 rolls must be purchased. It does not seem likely that the tape will fatigue over time. This quantity of tape allows for extensive practice at wrapping endotracheal tubes smoothly with adequate left for clinical use.
DISCUSSION
The CO 2 laser has inherent advantages in paediatric airway surgery because the beam is very finely focused, allowing precise tissue ablation, with less traumatic oedema and scarring. It provides effective haemostasis. Typical values for power settings in the larynx for precise microsurgery are less than 10 watts for fractions of a second. Progressively lower power settings have become possible because the laser beam spot size is now very small. As the spot size reduces, at a given power output, the power density (power/area) increases.
An airway fire is rare, with a reported incidence of 0.5-1.5% 1 , but can be catastrophic for the patient. The mechanism is initial penetration of the endotracheal tube by the laser, and then ignition of the tube, fuelled by the flow of oxygen within the lumen. The result is a blow-torch effect of flame further down the airway, as well as release of toxins from the PVC material of the endotracheal tube as it combusts.
A number of different options in management of the airway during laser surgery are available. Avoiding an endotracheal tube completely is ideal. This is the standard technique used in children. Using a very small tube such as a BenJet tube (Tuta Laboratories, Sydney, Australia) plus jet-ventilation and displacing the tube out of the way is useful in adults but the risks of jetting in a small infant outweigh the benefits. A metal tracheostomy tube below the larynx is very suitable if a tracheotomy is already in situ.
Commercially produced endotracheal tubes made of various non-flammable and laser-resistant materials are available. Materials for tube construction include metal-the "Laser Flex" tube of an interlocking steel spiral (Mallinckrodt, St Louis MO, U.S.A.), and the "Fome-Cuf" tube of an aluminium spiral (Bivona, Gar Ind, U.S.A.); and silicone-the "Laser Shield II" tube (Xomed-Treace, Jacksonville FL, U.S.A.). The smallest Mallinckrodt "Laser Flex" uncuffed tracheal tube is 3.0 mm ID, with a stated OD of 5.2mm. When measured however, although the OD is accurate for most of the length, at the bulbous tip the OD increases to 6.0 mm. Thus a lower limit of age for this tube would be around three years, although its use would be further restricted by airway anomalies. As well, endotracheal tubes made of materials other than PVC may be more traumatic to the delicate laryngeal mucosa of an infant.
Wrapping a red rubber endotracheal tube in copper foil is possible but the foil is sharp-edged and non-adherent. An FDA-approved laser-protective wrap of adhesive metal foil with a synthetic sponge surface, the "Laser-Guard" wrap (Merocel Corp, Mystic CT, U.S.A.) must be kept moist to be effective, but more importantly, adds almost 2 mm to the diameter of the endotracheal tube 1 , limiting its usefulness in small paediatric airways.
Steps to minimize the risk of a laser-induced airway fire if an endotracheal tube must be in the operative field include reducing the inspired oxygen content to the minimum level compatible with patient oxygenation. Nitrous oxide is also a powerful oxidant and should not be used as the diluent 2 . The inert gases nitrogen and helium are commonly used to reduce oxygen concentration 3 . Air and oxygen mixtures are preferred because they are readily available. Helium is slightly less flammable than nitrogen 4 and its lower density also decreases the resistance in airway obstruction improving gas flow and reducing the work of breathing. Physically protecting the exposed endotracheal tube by wet neuropatties, and displacing tissues within the field by external pressure on the neck or by using various spatulate or beaded suckers are important adjunctive measures.
Wrapping of endotracheal tubes small enough to be used in the larynxes of small children is very attractive. Sosis tested a plastic adhesive tape thinly metallized on one side (Radio Shack #44-1155, Tandy Corp, Ft Worth TX, U.S.A.) at a CO 2 laser power setting of 70 watts and a 0.68 mm spot size and found it allowed penetration of a PVC endotracheal tube at 7 seconds with ignition at 14 seconds 5 . Although this power setting has no clinical relevance in the paediatric airway, this study also found that the adhesive of the Radio Shack tape ignited at 0.1 seconds (as did another 3M tape product, #433). Two studies have evaluated the Radio Shack #44-1155 tape at lower power settings and found it delayed ignition of endotracheal tubes at power settings of between 10 and 20 watts [6] [7] . Sosis also tested the 3M #425 solid aluminium foil tape with the CO 2 laser at 70 watts and 0.68 mm spot size and found it unaffected by 25 seconds of laser impact 5 . In our experiment the 3M #425 aluminium foil tape showed no damage, at minimum spot size of 0.27 mm, from a 32 watt strike for 30 seconds. Unlike wrapping an endotracheal tube in copper foil, the aluminium foil tape adheres tightly to the endotracheal tube and there seems minimal chance that the leading edge will lift and lacerate the delicate laryngeal mucosa, provided care is taken to ensure that the leading edge is adherent to the tube. Ideally the entire length of the endotracheal tube will be wrapped, so avoiding any unprotected part. Additionally, overlapping the wrap with each turn will allow the wrapped endotracheal tube to flex while maintaining coverage. The adhesive could theoretically be exposed if the tube is flexed too far. Although the adhesive of the 3M #425 tape P. WALKER, A. TEMPERLEY ET AL Anaesthesia and Intensive Care, Vol. 32, No. 1, February 2004 started to smoke in two seconds at 70 watts 5 , this power setting is irrelevant in the paediatric airway and our evidence suggests that at 10 watts for one second, although the adhesive will melt, it will not ignite, and the tape itself is undamaged.
The 3M aluminium foil tape is shiny and therefore will reflect laser light and heat. The heat reflection is advantageous, but typically laser instruments are dulled to a matt finish to reduce reflection. Manually scratching the foil tape to make it more matt is likely to disperse the radiation in all directions and may well thin and weaken the tape making it more heat absorbent and less of a barrier to penetration by the laser. Being shiny, in the event of an unexpected laser strike to the aluminium foil tape, the laser beam would be reflected elsewhere in the surgical field. This may have an effect on unprotected tissue but the patient's airway would be protected from a much more serious injury due to the high temperature combustion of the endotracheal tube in an oxygenrich environment.
We conclude that in circumstances where an endotracheal tube needs to be in the field of laser surgery in a young child, the 3M aluminium foil tape #425 is a potentially very useful means to protect the airway from a laser fire.
ACKNOWLEDGEMENT
We gratefully acknowledge the referral of this patient by our Paediatric Respiratory colleagues.
